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The earliest steps in tooth development depend on signaling interactions that result in the condensation of
mandibular mesenchyme into the tooth bud. Reporting in this issue of Developmental Cell, Mammoto
et al. (2011) find that chemotactic signals coordinate condensation and that the compressive force generated
is sufficient to induce tooth bud gene expression.The starting point for the differentiation of
mesenchymal derivatives is the formation
of aggregations of highly packed cells.
These knots of cells or condensations
presage the differentiation of structures
that include skeletal elements, feathers
and hair, teeth, somites, and the kidney
(Hall and Miyake, 2000; Thorogood and
Hinchliffe, 1975). In all cases, the forma-
tion of condensations is thought to result
from upstreammolecular cues that impart
a genetic identity onto the precondensed
mesenchyme. In this view, it is the genetic
program that causes the specialization of
the mesenchyme that then in turn brings
about changes in cellular properties im-
portant for aggregation. Looking at the
formation of the tooth bud, Mammoto
and et al. (2011) suggest in this issue an
alternative view: it is the force generated
in the process of condensation that re-
sults in the activation of a genetic cascade
specific for tooth induction. That is to say,
the specialization of mesenchyme is a
consequence of condensation, rather
than the cause.
Teeth are formed from the epithelium
and the mesenchyme of the first branchial
arch, with the epithelium giving rise to the
enamel and the mesenchyme the dentine
and pulp (Pispa and Thesleff, 2003). Their
formation is controlled by an ongoing
conversation between these two tissue
layers, where the opening phrase is a
signal from the epithelium to the mesen-
chyme that includes Fgf8, a member of
the fibroblast growth factor family. The
local action of these signals induces the
expression of Pax9 in the mesenchyme
(Neubu¨ser et al., 1997). The patch of
Pax9-positive mesenchymal cells is also
characterized by increased cellular den-
sity and at this point is called the tooth
bud. Here it acts as a signaling center
and engages in the instructive dialogthat leads to tooth formation. How do
signals from the epithelium induce the
tooth bud? In a beautiful series of experi-
ments, Mammoto and colleagues from
the Ingber group use an ex vivo approach
tograpplewith this problem. They find that
one function of Fgf8 is as a chemo-attrac-
tant, drawingmesenchymal cells closer to
the epithelium. This causes cells to aggre-
gate but does not induce Pax9 expres-
sion, the other feature of the tooth bud.
The attractant gradient therefore needs
a counterpoint, a short-range repulsive
signal provided by a member of the
semaphorin family, Sema3f. Together
with Fgf8, both signals squeeze mesen-
chyme cells into a condensation. The
very act of squeezing causes mandibular
mesenchymal cells to become smaller
and rounder and induces the expression
of Pax9. Both effects can be recreated
ex vivo. Compression of mandibular mes-
enchyme between steady pressures initi-
ates the condensation process and,
more importantly, induces the expression
of Pax9. Similarly, culturing mandibular
mesenchymal cells at a high density (with
plating density serving as a proxy for
compressive force) also leads to Pax9
expression.Compression causes thecells
to adopt a smaller, rounder profile. To
explore whether this shape change was
sufficient to divert cell fate, the authors
plated individual mesenchymal cells on
photolithograph-printed fibronectin dots,
which constrain each cell to approxi-
mately the size it would adopt in a conden-
sation. Mammoto et al., (2011) found that
this size constraint led to the expression
of Pax9, suggesting that the physical
forces that cause an individual cell to
adopt a smaller, rounded shape are suffi-
cient to enact cell fate choice.
Condensations do occur throughout
the embryo during development. One ofDevelopmental Cell 21the clearest examples of this is the forma-
tion of skeletal elements (Fell, 1925). The
size and shape of the precartilage con-
densation is predictive for the size and
shape of the skeletal element it will form.
Several lines of evidence suggest that
chondrogenic mechanisms may be simi-
lar to the ones that initiate tooth bud
aggregation (Hall and Miyake, 2000). For
example, mechanical force in known to
induce a type of cartilage, known as
secondary cartilage, at muscle attach-
ment sites or articulations of membrane
bones (the clavicle or some of the bones
of the face) (Hall and Miyake, 2000).
In vitro models of chondrogenesis (called
micromass cultures and consisting of
dispersed limb-bud mesenchyme taken
from embryos prior to cartilage formation)
have also provided evidence that cell
packing density and the resulting com-
pression lead to cartilage formation
(Archer et al., 1985). In this system, carti-
lage is only generated when the cells are
plated at high density, which (similar to
the case with tooth bud cells) changes
the size and shape of the cells. Interest-
ingly, cartilage formation does not occur
uniformly throughout the culture, but
instead the cells organize into nodules
with forms that depend on the initial
plating density. The pattern of the
nodules, which range from sparse dots,
spots, and/or stripes to a sheet-like con-
figuration, can be predicted by a Turing
reaction-diffusion mechanism (Kondo
andMiura, 2010), and a number of groups
have provided well-resolved mathemat-
ical models that describe the interplay
of chemical or physical activators and
inhibitors during the process of in vitro
cartilage condensation (Christley et al.,
2007; Oster et al., 1983). Returning to
tooth bud formation, it seems likely that
mechanismsmirroring this self-organizing, October 18, 2011 ª2011 Elsevier Inc. 607
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Previewsactivation-inhibition network, predicted
by models of chondrogenesis, are also
active in the tooth. Indeed, actual tooth
bud condensations form in only a subset
of the mesenchyme that is in contact
with epithelial Fgf8 and Sema3f, suggest-
ing that there are mechanisms that refine
and stabilize the condensation after the
initial compressive activity. The under-
standing of how these mechanisms work
and what their molecular identities are
will have significant bearings on how the
morphology of the tooth, and by analogy
the skeletal element, is established.
As with all signaling systems, we en-
counter the problem of specificity in the
mechanochemical model for cell differen-
tiation. This is especially evident in the
neural crest-derived mesenchyme of the
mandibular arch, which can give rise to608 Developmental Cell 21, October 18, 2011both tooth buds and cartilage. If the differ-
entiation of either cell type depends on
condensation-generated force, how do
the cells know that they are in an odonto-
genic condensation and should therefore
not be chondrogenic? One can postulate
the presence of other signals that collab-
orate and conspire with condensation-
generating factors to determine cell fate,
but it is clear that more work is needed
to investigate the integration of other
signals into the mechanotransduction
pathway triggered by condensation to
shed more light on how it steers cell
lineage.REFERENCES
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In this issue of Developmental Cell, Marhavy´ et al. (2011) uncover a transcription-independent molecular
mechanism of interaction between auxin and cytokinin in the regulation of plant meristem function. Bymodu-
lating endocytic trafficking of PIN1, cytokinin controls auxin flux and, therefore, auxin gradients.Unlike animals, whose basic body archi-
tecture is defined during embryogenesis,
plants have the ability to constantly gen-
erate new organs from pools of stem cells
set aside during embryogenesis, primarily
at the shoot apical and root meristems.
Additional new organs can also form
from specialized cells, as in the case of
lateral root primordia that originate from
the pericycle cells. Both the maintenance
of existing meristems and the generation
of new ones are finely tuned by several
plant hormones. Among these hormones,
auxin and cytokinin have been shown
to play critical roles in the establishment
and maintenance of these stem cell
niches. Since the classical physiological
studies of the 1950s, the prevailing ideahas been that the interaction between
these two hormones is critical for the
correct balance of cell proliferation and
differentiation required for proper meri-
stem function. However, only recently
has the molecular mechanism behind
the interaction between these two hor-
mones started to emerge. Recent studies
have pointed to a role for cytokinin in
controlling the expression of the auxin
efflux carrier PIN1 (reviewed in Moubayi-
din et al., 2009). The findings of Marhavy´
et al. (2011), reported in this issue of
Developmental Cell, now add another
dimension to our understanding of cyto-
kinin-mediated auxin regulation.
Auxin or, more specifically, auxin gradi-
ents are conclusively linked to the prolifer-ative properties of root meristems. Auxin,
either locally synthesized or produced in
more distant tissues, is actively trans-
ported to generate an auxin maximum in
the root quiescent center. Key to active
hormone transport is the PIN family of
auxin efflux carriers, whose polar localiza-
tion at the plasma membrane confers
directionality to auxin transport. Contin-
uous endocytic trafficking of PINs be-
tween the plasma membrane and the
endomembrane compartments or the
lytic vacuole allows for rapid changes in
the distribution or levels of PINs at the
cell surface. Auxin maxima generated
by the direct activity of PIN1 and other
PIN family members in the QC cells are
then interpreted by the auxin signaling
